We sought to determine the involvement of medullary regions controlling sympathetic output in pathologically confirmed diffuse Lewy body disease (LBD). We studied eight limbic or neocortical stage LBD and eight multiple system atrophy (MSA) cases, confirmed neuropathologically, and eight age-matched controls. Five of the LBD cases and all MSA cases had orthostatic hypotension. Serial 50-mm sections obtained from the medulla rostral to the obex were immunostained for tyrosine hydroxylase, tryptophan hydroxylase and a-synuclein. Analysis was focused on the ventrolateral medulla and medullary raphe nuclei. In LBD cases, there were Lewy bodies and neurites, as well as dystrophic neurons in the ventrolateral medulla, but the number of catecholaminergic and serotonergic neurons was not significantly reduced. All these groups were depleted in MSA. There were Lewy body pathology and dystrophic neurons in the raphe in all LBD cases. Cell numbers were reduced in both the raphe obscurus and raphe pallidus. Our findings suggest that, although LBD affects medullary autonomic areas, it does so less severely than MSA, particularly in the case of the VLM, which controls sympathetic outputs maintaining arterial pressure. In LBD, orthostatic hypotension may be due primarily to involvement of sympathetic ganglion neurons rather than ventrolateral medulla neurons.
Introduction
Lewy body disorders, including dementia with Lewy bodies and Parkinson's disease, like multiple system atrophy (MSA), are synucleinopathies that may manifest with prominent autonomic failure (Hishikawa et al., 2000; Larner et al., 2000; Horimoto et al., 2003) . In most cases, Lewy body pathology appears to start in the medulla (Del Tredici et al., 2002) , and therefore Lewy body disease (LBD) has been subdivided into brainstem-predominant, limbic (transitional) and neocortical stages, the first corresponding to the clinical syndrome of Parkinson's disease and the other two to dementia with Lewy bodies (Cummings, 2004; McKeith et al., 1996) . A recent retrospective study (Thaisetthawatkul et al., 2004) indicates that autonomic failure, documented with quantitative autonomic laboratory testing is frequent in patients with clinical diagnosis of dementia with Lewy bodies and its severity, as a group, is intermediate between that observed in MSA and Parkinson's disease patients. However, in some patients, LBD may manifest with prominent autonomic failure, mimicking pure autonomic failure or MSA, even before development of parkinsonism and dementia (Hishikawa et al., 2000; Larner et al., 2000) . Although Lewy bodies are found in brainstem autonomic areas in patients with dementia with Lewy bodies associated with autonomic failure (Hishikawa et al., 2000) , the involvement of specific medullary groups controlling sympathetic cardiovascular function in late stage LBD is still incompletely defined.
In MSA, there is severe depletion of catecholaminergic neurons in the rostral ventrolateral medulla (VLM) Brain Vol. 128 No. 2 # Guarantors of Brain 2005; all rights reserved (Benarroch et al., 1998) as well as loss of serotonergic neurons in the nucleus raphe obscurus (ROb), raphe pallidus (RPa) and VLM . Since these neurons project to and differentially control the activity of target-specific subgroups of preganglionic sympathetic neurons (Morrison, 1999) , neuronal loss in these medullar regions may contribute to orthostatic hypotension (OH) and other manifestations of sympathetic impairment in MSA. These catecholaminergic and serotonergic medullary groups were found to be much less severely affected in cases with Parkinson's disease, despite the abundance of Lewy body pathology in these regions (Benarroch et al., 2000 . However, these groups may be more severely affected and potentially contribute to sympathetic failure in patients with limbic and neocortical predominant LBD, associated or not with dementia, parkinsonism, or both. In this study, we sought to determine whether there is involvement of medullary catecholaminergic and serotonergic neurons controlling sympathetic function in cases with neuropathologically confirmed limbic and neocortical stages of LBD and compare its severity with that found in MSA.
Methods Subjects
Brains were obtained at autopsy from 24 subjects (Table 1 ). All patients had signed informed consent for autopsy according to the Institutional Review Board guidelines. Eight subjects (four men and four women, age 66 6 6 years) had no history of neurological disease; eight cases (six men and two women, age 64 6 2 years) had the clinical diagnosis of MSA, confirmed neuropathologically; and eight cases (six men and two women, age 80 6 4 years) with 
Neuropathological assessment
Post-mortem delay was similar among controls (15 6 3 h), cases with the final neuropathological diagnosis of LBD (12 6 3 h), and those with MSA (14 6 3 h).
The brains were immediately immersion-fixed in 2% buffered paraformaldehyde or 5% formalin for 24 h at 4 C and cryoprotected in a buffered 30% sucrose solution for 5-7 days prior to processing. For the purpose of this study, a block of the brainstem including the caudal pons and medulla was separated from the rest of the brain, which was processed for routine neuropathological studies.
Of the eight cases with the final neuropathological diagnosis of LBD, five had neocortical and three limbic stages of disease. Lewy body pathology and neuronal loss in the substantia nigra pars compacta and locus coeruleus was severe in four cases and moderate in the other four LBD cases. The spinal cord was available in three cases with final diagnosis of LBD. In one case, it showed moderate accumulation of Lewy bodies in the intermediolateral cell column, but no apparent cell loss; in the other two cases the spinal cord was normal. Autonomic ganglia were not available for examination. All MSA cases showed neuronal loss in the substantia nigra pars compacta, putamen, basis pontis and cerebellum in various combinations and the presence of a-synuclein-immunoreactive oligodendroglial cytoplasmic inclusions.
Immunohistochemistry
For the purposes of this study, serial 50-mm cryostat sections of the medulla were obtained between 0 and 13 mm rostral to the obex. Every eighth section was processed for immunoreactivity for tyrosine hydroxylase (TH; mouse monoclonal antibody 1 : 1500; Immunostar, Hudson, WI, USA), tryptophan hydroxylase (TrOH; sheep polyclonal antibody 1 : 1000, Chemicon, Temecula, CA, USA), and a-synuclein (goat polyclonal antibody 1 : 400; Santa Cruz Biotechnologies, Santa Cruz, CA, USA). Diaminobenzidine/ glucose oxidase solution with nickel enhancement (Sigma, St Louis, MO, USA) was used for the substrate reaction. Omission of the primary antibody or incubation with normal sera resulted in a lack of immunostaining. After immunoreactivity had been detected and analysed, sections were contained with thionin.
Quantitation and data analysis
The sections were examined under bright field microscopy. (Paxinos and Huang, 1995) .
Image analysis was performed using a KS400 image analysis system (Carl Zeiss, Thornwood, NY, USA). There was no significant difference in size between the surviving TH and TrOH neurons between the LBD, MSA and control cases (for TH cells in the VLM, 28 6 1 mm in LBD, 29 6 1 mm in MSA and 27 6 1 mm in controls, n = 5 each; for TrOH neurons in the ROb, 30 6 1 mm in LBD, 30 6 3 mm in MSA and 31 6 2 mm in controls, n = 5 each; and for TrOH neurons in RPa, 27 6 1 mm in LBD, 27 6 6 mm in MSA and 26 6 3 mm in controls, n = 5 each). Since our aim was to compare the numbers of cells per section between controls, LBD and MSA cases, we did not use stereology, which would be best if the intent was to count total numbers of cells. We instead performed 'profile' counting using an automated method under direct microscopic guidance. Since we are aware of potential drawbacks of the classical counting method used in our study, we took several steps to minimize potential pitfalls of profile counting, including, double counting, shrinkage effects and sampling error. We counted only neurons that could be identified by their intense immunoreactivity and the presence of processes. Since the maximum size of the cells counted using this criterion (30 6 3 mm) was much smaller than the thickness of each section (50 mm), the possibility of counting parts of the same neuron twice is probably minimal. Although unevenness of section thickness or tissue shrinkage could have affected our results, they are not expected to have done so differently in each of these three groups, and therefore to have altered the comparison between groups and therefore our conclusions. Furthermore, the maximum cell size was not different between controls, LBD and MSA cases. To avoid sampling errors, we analysed, for a given immunocytochemical marker, all sections obtained serially at 400 mm intervals between the plane of the obex and 12 mm rostral to it so as to obtain a comparable representation of the medulla in all cases. All counts were performed by the same investigator, blinded to the definite neuropathological diagnosis.
Although a split cell error would not affect the results, given the similar cell size in controls, LBD and MSA cases, a correction factor was calculated and was 0.96. Cell numbers (mean 6 SEM) were compared among control, LBD and MSA groups using analysis of variance. A P value <0.05 was considered significant.
Results

Distribution of Lewy bodies in medullary autonomic regions
In all LBD cases, there were abundant a-synucleinimmunoreactive Lewy bodies and Lewy neurites in all medullary regions controlling sympathetic outflow, including VLM, ROb and RPa. The distribution of Lewy bodies overlapped that of catecholaminergic and serotonergic neurons in these regions (Fig. 1) . In addition, there were Lewy bodies and Lewy neurites in the dorsal vagal nucleus and nucleus reticularis gigantocellularis.
Involvement of the VLM
In addition to Lewy bodies, there were occasional dystrophic changes in TH-and TrOH-immunoreactive neurons in the VLM in LBD cases (Fig. 2) . However, the cell numbers were not significantly reduced compared with controls (Fig. 3 ). There were no significant differences in VLM cell numbers between the five LBD cases presenting with OH and the three cases without OH (for TH, 36 6 6 and 41 6 7 cells/ section, respectively; for TrOH, 41 6 6 and 55 6 4 cells/ section, respectively). In contrast, in all MSA cases there was marked depletion of catecholaminergic and serotonergic VLM neurons (Fig. 3) as well as glial cytoplasmic inclusions in this region (Fig. 2) .
Involvement of the medullary raphe nuclei
There were abundant Lewy bodies and Lewy neurites in the medullary raphe, including the ROb and RPa in all LBD cases (Fig. 2) . In these regions, there was a significant reduction in the numbers of TrOH-immunoreactive neurons compared with controls (Fig. 4) . Since, as a group, LBD cases were a decade older than controls, we also compared the eight LBD with six of the eight controls to match for age (74 6 2 years in controls versus 80 6 2 years in LBD, P = 0.07). Even after correcting for age differences, the numbers of medullary serotonergic raphe neurons was significantly reduced in LBD compared with controls (for ROb, 16 6 2 and 36 6 5 cells/section, respectively, P = 0.002; for RPa, 8 6 2 and 16 6 1 cells/section, respectively, P = 0.004). There were no differences in the number of medullary serotonergic neurons between the five LBD cases with OH and the three cases without OH (for ROb, 16 6 2 and 15 6 3 cells/ section, respectively; for RPa, 7 6 3 and 8 6 1 cells/section, respectively).
Although the degree of depletion of serotonergic neurons in the ROb was slightly less severe in LBD than in MSA cases (16 6 2 and 12 6 1 cells/section, respectively, P = 0.04), there was no significant difference in the number of serotonergic cells in the RPa between LBD and MSA cases.
Discussion
The main findings of this study are that (i) although Lewy body pathology is prominent in the VLM in LBD, the degree of involvement of catecholaminergic and serotonergic neurons in this region, even at late stages of disease, is much less severe than in MSA; (ii) in limbic and neocortical stage LBD, there is a significant loss of serotonergic neurons in the medullary raphe; and (iii) the degree of involvement of catecholaminergic VLM or serotonergic raphe neurons in LBD is independent of the presence or absence of OH during life.
The distribution of a-synuclein positive Lewy bodies and dystrophic neurites in the LBD cases found in our study is consistent with that found in previous studies (Gai et al., 1995; Braak et al., 2001) . Lewy body pathology was concentrated in the area of the VLM containing catecholaminergic and serotonergic neurons, the medullary raphe nuclei, the nucleus reticularis gigantocellularis and the dorsal vagal nucleus. For the purpose of this study, we focused our attention on the catecholaminergic neurons of the rostral VLM and the serotonergic neurons of the NRPa, NROb and VLM, as all these groups provide descending inputs to the intermediolateral cell column (Strack et al., 1989) . Catecholaminergic neurons of the VLM are involved in modulation of activity of preganglionic sympathetic neurons controlling arterial pressure Fig. 2 Representative sections of the medulla obtained from a control subject (78-year-old woman with no history of neurological disease; post-mortem delay 9 h), a 79-year-old man with limbic-predominant Lewy body disease (LBD; post-mortem delay 7 h) and a 67-year-old man with multiple system atrophy (MSA; post-mortem delay 8 h). Sections were processed for a-synuclein to identify Lewy bodies or glial cytoplasmic inclusions, tyrosine hydroxylase to identify catecholaminergic neurons in the ventrolateral medulla (VLM), and tryptophan hydroxylase to identify serotonergic neurons in the nucleus raphe obscurus (ROb) and raphe pallidus (RPa). In the LBD case, there were Lewy bodies and Lewy neurites, but preservation of catecholaminergic cells in the VLM as opposed to the severe depletion of these cells in MSA. There was loss of serotonergic neurons with Lewy body pathology in the RPa and ROb in LBD and neuronal loss and glial cytoplasmic inclusions in these regions in MSA. Bar = 25 mm. Fig. 3 Numbers of tyrosine hydroxylase (TH)-and tryptophan hydroxylase (TrOH)-immunoreactive cells per section in the ventrolateral medulla (VLM) in eight control subjects (C), eight patients with the pathological diagnosis of limbic or neocortical stage Lewy body disease (LBD), and eight patients with the pathological diagnosis of multiple system atrophy (MSA). There was relative preservation of TH-and TrOH-immunoreactive cells in the VLM in the LBD cases, despite the presence of Lewy body pathology and independently of the presence or absence of orthostatic hypotension. In contrast, there was severe depletion of both catecholaminergic and serotonergic VLM neurons in MSA. ***P < 0.001 compared with controls; yyy P < 0.001 compared with LBD. (Guyenet et al., 1996) , whereas the medullary raphe controls preganglionic sympathetic neurons involved in thermoregulatory skin vasoconstriction (Morrison, 1999) . Our present study indicates that, even at later stages (neocortical and limbic) of LBD, there is relative preservation of the numbers of TH-immunoreactive neurons in the VLM, as opposed to the severe depletion found in MSA. These differences could not be attributed to the effects of ageing or post-mortem delay. Catecholaminergic VLM neurons were relatively preserved even in LBD cases where there was a marked loss of catecholaminergic neurons in the substantia nigra pars compacta and locus coeruleus.
These results have two implications. First, they support previous findings (Benarroch et al., 2000) indicating that the catecholaminergic rostral VLM neurons, corresponding to those projecting to the sympathetic preganglionic neurons, are much more vulnerable in MSA than in LBD, regardless of the stage of the disease. Secondly, they provide further evidence that, in LBD, not all catecholaminergic groups are susceptible to the same degree, despite the presence of Lewy body pathology. This is consistent with previous findings in Parkinson's disease (Halliday et al., 1990) . This suggests that the presence of Lewy bodies and Lewy neurites, although a marker of vulnerable neuronal populations in LBD, may not be the only factor leading to neuronal loss.
The preservation of catecholaminergic neurons in the rostral VLM in LBD as opposed to their severe depletion in MSA, despite the clinical history of severe OH in both groups of patients, provides further evidence that the mechanism of OH is different in these two synucleinopathies. Orthostatic hypotension in MSA has been classically attributed to loss of neurons in the intermediolateral cell column (Bannister and Oppenheimer, 1972) , but there is a poor correlation between the degree of intermediolateral cell column cell loss and the severity of OH (Gray et al., 1988) . Loss of catecholaminergic neurons in the rostral VLM may contribute to sympathetic vasomotor failure in MSA (Benarroch et al., 1998) . Some of these neurons contain glutamate as well as epinephrine. Glutamate is responsible for tonic excitation of preganglionic sympathetic neurons whereas epinephrine modulates the excitability of these cells (Guyenet et al., 1996) . Whereas loss of rostral VLM catecholaminergic neurons may have a role in the pathogenesis of OH in MSA, our results indicate that this may not be the case in LBD. However, involvement of non-catecholaminergic sympathoexcitatory VLM neurons containing glutamate cannot be excluded.
Although a potential limitation of our study is the relatively small number of LBD cases without history of OH, our findings provide indirect support to the increasing evidence that OH in LBD may, at least in part, be due to peripheral mechanisms. PET and single photon computer emission tomography studies show reduced uptake of norepinephrine precursors in cardiac sympathetic terminals in disorders associated with Lewy body accumulation, including Parkinson's disease, dementia with Lewy bodies, and pure autonomic failure, but not in MSA (Goldstein et al., 1997; Yoshita et al., 2001) . Our illustrative case confirms previous observations that LBD may manifest with isolated sympathetic and parasympathetic failure for many years or even until death, resembling pure autonomic failure (Hague et al., 1997; Horimoto et al., 2003) . Thus, there may be a 'peripheral' stage of LBD, with predominant involvement of autonomic ganglia and peripheral effector organs, which in some cases may dominate the clinical picture. Unfortunately, the autonomic ganglia were not available from the cases analysed in this study. The fact that most of our LBD cases had an atypical presentation resembling MSA could indicate that they constitute a specific subgroup within the spectrum of the LBD, and emphasize the difficulties and potential pitfalls in the clinical diagnosis of this group of disorders.
Our results indicate that, as in the case of MSA, there is loss of serotonergic neurons in the RPa and ROb in limbic-or Fig. 4 Numbers of tryptophan hydroxylase (TrOH)-immunoreactive cells per section in the nucleus raphe obscurus (ROb) and raphe pallidus (RPa) in eight control subjects (C), eight patients with the pathological diagnosis of limbic or neocortical stage Lewy body disease (LBD), and eight patients with the pathological diagnosis of multiple system atrophy (MSA). There was a significant reduction of serotonergic medullary raphe neurons in both LBD and MSA. ***P < 0.001 and **P < 0.01 compared with controls; y P < 0.05 compared with LBD.
neocortical-predominant LBD. In a previous study, we found that in cases with clinical and neuropathological diagnosis of Parkinson's disease, there was a relative preservation of the numbers of TrOH-immunoreactive cell bodies in the medullary raphe, despite the presence of Lewy bodies and dystrophic neurites in this region . Thus, our present findings indicate that, with progression of LBD from brainstem to limbic and neocortical stages, there is progressive loss of serotonergic neurons in the medullary raphe. This does not appear to be merely a reflection of ageing. The preservation of serotonergic cells in the VLM, as opposed to the RPa and ROb, observed in our study provides further evidence that in LBD there are different susceptibilities of distinct neuronal populations synthesizing the same primary neurotransmitter.
The significance of loss of serotonergic raphe-spinal neurons in LBD is uncertain. It did not relate to the presence or absence of OH, which is consistent with evidence that these cells do not participate directly in the baroreflex arc or the maintenance of sympathetic vasoconstrictor tone (Morrison, 1999) . In contrast, the medullary raphe has been implicated in thermoregulatory sympathetic vasoconstriction (Morrison, 1999) as well as in the automatic control of respiration (Feldman et al., 2003) . These functions appear to be more affected in MSA than in Parkinson's disease (Pierangeli et al., 2001; Tsuda et al., 2002) , which is consistent with the severe involvement of medullary serotonergic neurons in MSA compared with Parkinson's disease . However, to our knowledge these functions have not been systematically explored in dementia with Lewy body patients, reflecting limbic-or neocortical-predominant LBD. Our findings thus provide a testable hypothesis that involvement of medullary serotonergic neurons may result in impairment of thermoregulatory or respiratory functions at these late stages of LBD.
